The superior effect of Roux-en-Y gastric bypass (RYGB) on glucose control compared with laparoscopic adjustable gastric banding (LAGB) is confounded by the greater weight loss after RYGB. We therefore examined the effect of these two surgeries on metabolic parameters matched on small and large amounts of weight loss.
on incretin effect, b-cell glucose sensitivity (BCGS), and insulin sensitivity in individuals with type 2 diabetes before and 1 year after surgery, and/or after 10% and at 20% matched weight loss after the two types of surgery. Furthermore, to identify the role of the incretin effect on glucose and insulin parameters, all subjects were studied after oral and intravenous isoglycemic glucose stimuli. Our primary hypothesis was that the differential effect of the two types of surgery on insulin secretion and b-cell function would be apparent only after an oral glucose challenge, but not after an intravenous glucose challenge. A secondary hypothesis was that changes in insulin sensitivity would track weight loss equally after the two types of surgery.
RESEARCH DESIGN AND METHODS

Subjects
The study was conducted at Mount Sinai St. Luke's Hospital. Subjects were selected from an eligible pool of severely obese individuals with type 2 diabetes, who were scheduled to undergo either RYGB or LAGB. All subjects provided written informed consent prior to participating. Exclusion criteria included age ,21 or .65 years, and BMI , 35 or .50 kg/m 2 , and treatment with dipeptidyl peptidase 4 (DPP-4) inhibitors, thiazolidinediones, or glucagon-like peptide 1 (GLP-1) agonists.
Study Design
This is a longitudinal prospective study of individuals with obesity and type 2 diabetes enrolled in the month prior to their bariatric surgery, and studied at 10% and 20% matched weight loss and/or at 1 year after surgery. Diabetes remission was defined using American Diabetes Association criteria, with HbA 1c levels ,6.5% (48 mmol/mol), fasting glucose levels ,126 mg/dL, and 120 min postprandial glucose levels ,200 mg/dL (14) .
Interventions
RYGB
Laparoscopic surgery with a 30-mL gastric pouch, a 40-cm afferent limb, a 150-cm Roux limb, and a 12-mm gastrojejunostomy, as described previously (7) .
LAGB
A silicone adjustable band (;10-12 mm diameter) was placed around the proximal portion of the stomach, creating a 30-mL pouch. Adjustment of the band with saline was performed as needed.
Diet for RYGB and LAGB
Subjects were free living, but the recommended postoperative diet is clear liquids during week 1, pureed diet during weeks 1-3, and solid foods starting at week 4.
Experimental Procedures
Oral Glucose Tolerance Test
Participants underwent a 3-h oral glucose tolerance test (OGTT; 50 g of glucose in 200 mL) after a 12-h overnight fast. Blood samples were collected over 3 h from an antecubital intravenous catheter from an arterialized arm vein kept warm with a heating pad, in chilled EDTA tubes; blood samples for incretins were also collected with aprotinin (500 kallikrein inhibitory units/mL blood; Roche Life Science, Indianapolis, IN) and DPP-4 inhibitor (50 mmol/L or 10 mL/mL blood) (EMD Millipore, St. Charles, MO). Samples were centrifuged at 4°C and stored at 280°C.
Isoglycemic Intravenous Glucose Clamp
To measure the incretin effect and to calculate the relative insulin secretion after oral and matched IV glucose, an isoglycemic glucose clamp (iso-IVGC) was performed, as described previously (6) . Glucose (sterile 20% dextrose solution) was infused using a Gemini pump (CareFusion, San Diego, CA) over a 3-h time period. Blood glucose levels were monitored using contralateral antecubital intravenous access every 5 min, and the glucose infusion rate was adjusted accordingly, in an effort to mimic the glucose concentration profiles achieved for each patient during the OGTT. Blood samples were collected over 3 h as described above.
Insulin-Modified Frequently Sampled Intravenous Glucose Tolerance Test
An insulin-modified, frequently sampled intravenous glucose tolerance test (IVGTT) was performed before and 1 year after surgery. Glucose (0.3 g/kg body wt as dextrose 50 g/dL) was administered intravenously over ;1 min, and blood was sampled using a contralateral antecubital vein intravenous cannula at 2, 3, 4, 5, 6, 8, 10, 12, 14, 16 , and 19 min thereafter. At 20 min, 0.025 units/kg insulin was injected over 20 s, and blood was sampled at 22, 24, 25, 27, 30, 40, 50, 60, 70, 90 , 100, 120, 140, 160, and 180 min (15) .
Body Composition
Fat mass was measured using a threedimensional photonic scanner (Hamamatsu Photonics) (16, 17) before and 1 year after surgery.
Assays
Plasma glucose was determined bedside by the glucose oxidase method with a glucose analyzer (Analox, Lunenburg, MA). Total GLP-1 level was measured by radioimmunoassay after plasma ethanol extraction. This assay reacts 100% with GLP-1 (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) , GLP-1 (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) , and GLP-1(17-37), but not with glucagon (0.2%), GLP-2 (,0.01%), or exendin (,0.01%). Gastric inhibitory polypeptide (GIP) was determined by ELISA, which reacts 100% with GIP(1-42) and GIP(3-42), but not with GLP-1, GLP-2, oxyntomodulin, or glucagon. Plasma insulin and C-peptide levels were measured by radioimmunoassay. All hormone assays were performed at the Hormonal Core Laboratory at the New York Obesity Nutrition Research Center with commercial kits (EMD Millipore). Intraassay and interassay coefficients of variation ranged from 3.4% to 7.4% and from 4.4% to 7.4%, respectively.
Calculations
Total area under the curve (AUC) during the OGTT was calculated using the trapezoidal method. The insulin response to oral and intravenous-isoglycemic glucose clamp were used to calculate the relative incretin effect (%) on insulin and C-peptide levels, as follows: Insulin sensitivity was also assessed using the Bergman minimal model analysis of the insulin modified frequently sample IVGTT (15) . This model provides equations to measure the acute insulin response to glucose (AIRg; i.e., insulin secretion), the glucose-dependent glucose disappearance (Sg), and the sensitivity of glucose disappearance after insulin (insulin sensitiv ity [Si] ). The intravenous disposition index (DI) was calculated in response to the IVGTT (DI IV (IVGTT) ), which is derived from the product of Si and AIRg, as well as in response to the iso-IVGC (DI IV (iso-IVGC) ), which is derived from the product of IV-BCGS and 1/HOMA-IR. The insulinogenic index was calculated using
) from the OGTT. The oral DI (DI O (HOMA-IR) ) is derived from the product of the insulinogenic index and the inverse of HOMA-IR (19) . An additional measure of the DI O (DI O (ISI) ) was derived from the product of the insulinogenic index and ISI.
Insulin secretion rates (ISRs) calculated by mathematical deconvolution using a two-compartment model for hormone clearance using C-peptide levels derived from the OGTT (O-ISR) and iso-IVGC (IV-ISR), using the Chronobiological Series Analyzer (Van Cauter, Hasak, and Leproult, University of Chicago, Chicago, IL) (20) . BCGS was calculated as the slope between the ISR (pmol z kg 21 z min
21
) and the corresponding blood glucose level (mmol z L
), from baseline to peak glucose level, from OGTT (O-BCGS) and iso-IVGC (IV-BCGS).
Nomenclature
Variables derived from OGTT and iso-IVGC are preceded by "O-" and "IV-," respectively (e.g., O-BCGS, IV-BCGS) (see Supplementary Table 1) .
Statistical Analysis
Normality was tested and variables were log transformed if necessary. Nonparametric tests were used if variables were still not normally distributed. Independent and paired t tests were used for RYGB versus LAGB, and preintervention versus ;10% weight loss, respectively. Repeated-measures ANOVA was used to compare plasma glucose matching between the OGTT and iso-IVGC. Linear mixed-model regression analysis was used to test the effect of surgery type and percentage of weight loss on outcome variables. Data are expressed as the mean 6 SD except in figures where values are reported as the mean 6 SEM. Statistical significance was set at P , 0.05 (two-tailed). IBM SPSS version 22.0 was used for all analyses.
RESULTS
Recruitment and Retention
Of the 61 enrolled participants, 41 (26 RYGB participants, 15 LAGB participants) were restudied at 10% weight loss, and 39 (27 RYGB and 12 LAGB) were restudied 1 year postsurgery.
Baseline Characteristics
Age (LAGB group 48.5 6 10.2 years, RYGB group 43.7 6 8.2 years), diabetes duration (LAGB group 35.7 6 36.7 months, RYGB group 29.6 6 27.2 months), diabetes control (HbA 1c level: LAGB group 6.5 6 0.9% or 48 6 6.64 mmol/mol; RYGB group 6.8 6 0.7% or 48 6 5.16 mmol/mol), use of oral diabetes medications (LAGB group 8 of 12 subjects, RYGB group 20 of 26 subjects) and insulin (LAGB group 0 of 12 subjects, RYGB group 2 of 26 subjects), weight, BMI, fat mass, fasting and postprandial glucose concentrations, insulin sensitivity (HOMA-IR, ISI, and Si by IVGTT), incretin effect, ISR, BCGS after oral or intravenous glucose, AIRg, and DI were similar between groups prior to intervention (Tables 1 and 2  and Supplementary Tables 2-4) . Baseline data were also not different between subjects that completed all study visits and those who did not (data not shown).
Study 1: Changes 1 Year After RYGB and LAGB
Twenty-seven RYGB subjects and 12 LAGB subjects completed the 1-year study point after surgery ( Table 1) . As expected, RYGB resulted in about twice the amount of weight loss at 1 year compared with LAGB (30.1% vs. 16.6%). Despite this difference in weight loss, the usage of diabetes medications decreased significantly and similarly in both groups, and the percentage of patients with diabetes in remission at 1 year was similar in the two surgical groups (88% for the RYGB group and 83% for the LAGB group).
Plasma glucose concentrations were well matched between OGTT and iso-IVGC except after RYGB at any level of weight loss, when the drop in postprandial glucose levels at 90 and 120 min during the OGTT could not be matched by the glucose clamp ( Supplementary  Fig. 1A and B). As shown before, despite matched glucose levels, the insulin level (AUC) was significantly lower during the iso-IVGC ( Supplementary Fig. 1A and B). The amount of glucose delivered during the iso-IVGC was ;80% of the oral glucose load (50 g) prior to the interventions, and it was only ;60% 1 year after RYGB and LAGB. RYGB resulted in greater incretin effect (P = 0.016) and GLP-1 release (P = 0.001) ( Most subjects were restudied at 10% weight loss (LAGB group, n = 15: 9.6 6 2.0% weight loss; vs. RYGB group, n = 26: 10.0 6 2.0% weight loss, P = NS). It took twice as long for LAGB patients to lose the same amount of weight (RYGB group 4.2 6 0.9 weeks, LAGB group 8.7 6 8.5 weeks, P = 0.020) ( Table 2 ). The improvement in fasting and postprandial glucose levels, GLP-1 release and incretin effect, DI O (HOMA-IR) , O-BCGS, and O-ISR was superior after RYGB compared with after LAGB. However, the response to intravenous glucose (IV-BCGS and IV-ISR) and insulin sensitivity (HOMA-IR or ISI) improved similarly in the two surgical groups ( Only eight individuals in each surgical group were available for study at 20% weight loss (Supplementary Table 4 ). The time to achieve the 20% weight loss goal was again shorter after RYGB (Supplementary Table 4 preintervention; †P , 0.05 vs. intravenous; #P , 0.05 difference between LAGB and RYGB (n = 27) and LAGB (n = 12) except for body composition and IVGTT (RYGB n = 13, LAGB n = 7). Table 4 ). Although this group was small, data obtained after 10% weight loss did not differ from that obtained for the larger group after the same amount of weight loss.
Weight Loss Versus Surgery Type Effect
Finally, there was a strong relationship shown between insulin sensitivity and BMI (Fig. 2) , and between O-BCGS and 2-h plasma glucose level (overall: r = 20.647, P , 0.001; within RYGB: r = 20.652, P , 0.001; within LAGB: r = 20.595, P , 0.001) ( Supplementary  Fig. 3A) . Results from mixed-model regression analysis showed that surgery type and weight loss were both significant predictors of postsurgery glucose level (fasting glucose vs. surgery P = 0.043; weight loss P , 0.001; 120-min glucose vs. surgery P , 0.001; weight loss P , 0.001; glucose AUC vs. surgery P = 0.005; weight loss P , 0.001), b-cell function (DI O (HOMA-IR) ) (surgery P = 0.024, weight loss P , 0.001), and O-BCGS (surgery P = 0.018, weight loss P = 0.007). Weight loss, but not surgery type, predicted ISI (P , 0.001), HOMA-IR (P , 0.001), and early-phase insulin secretion (INS AUC0-60 ) (P , 0.001). Surgery type, but not weight loss, predicted GLP-1 release (GLP-1 peak P , 0.001, GLP-1 AUC P , 0.001) and the incretin effect (incretin effect on insulin P , 0.001, incretin effect on C-peptide level P = 0.033) (Supplementary Table 5 ).
CONCLUSIONS
The major findings of the current study are that in morbidly obese individuals with type 2 diabetes: 1) insulin sensitivity (ISI, HOMA-IR, and Si) and insulin secretory response to an IV stimulus (either AIRg or total ISR from 0 to 180 min during intravenous-isoglycemic clamp) improved as a function of weight loss, regardless of the type of bariatric surgery; 2) BCGS and ISR after oral glucose increased twofold to fourfold more after RYGB compared with after LAGB, regardless of the degree of weight loss; 3) the incretin effect is associated with elevated GLP-1 level and lower postprandial glucose level, an effect specific to RYGB, independent of the degree of weight loss; and 4) the difference in metabolic outcomes between the two types of surgery observed at 10% weight loss is significantly attenuated at 20% weight loss.
Weight loss, but not surgery type, was a predictor of insulin sensitivity by HOMA-IR and ISI. Insulin sensitivity, assessed by HOMA-IR, Si from IVGTT and/or ISI during OGTT, improved after both types of surgery, confirming well-documented data after RYGB (21, 22) or LAGB (23) (24) (25) . Moreover, we show that the effect is a function of weight loss, independent of the surgery type. Insulin sensitivity improves equally after LAGB and RYGB after similar amounts of weight loss. Similar improvement in insulin sensitivity was also shown after 20% matched weight loss after RYGB and LAGB in individuals without diabetes (26) , or after 7-8% weight loss by either a very lowcalorie diet or RYGB (27) .
Similarly, insulin secretion measured after acute (AIRg) or prolonged (3-h intravenous-isoglycemic clamp) intravenous administration of glucose, improves similarly 1 year after RYGB and LAGB. Others have shown recovery of AIRg in individuals with type 2 diabetes as early as 1 month after RYGB with sustained elevation up to 2 years after RYGB (28) . Parameters of IVGTT were shown to improve similarly after 7-8% weight loss via either RYGB or a very low-calorie diet in subjects with type 2 diabetes (27) .
On the contrary, the greater magnitude of change in parameters of b-cell function (O-BCGS and early-phase insulin secretion or ISR from 0 to 60 min) in response to oral glucose administration after RYGB, compared with LAGB, observed at any level of weight loss, suggest a specific RYGB effect, independent of weight loss. This is in agreement with our working hypothesis. This specific effect of RYGB, not observed after LAGB, is likely related to the unique rise of GLP-1 after RYGB, and can be blocked by the GLP-1 receptor antagonist exendin 9 (29, 30) . Our data are in agreement with those of Kashyap et al. (31) , who showed a greater improvement of b-cell function, assessed during a meal test, 1 week and 4 weeks after RYGB compared with restrictive gastric surgery (vertical sleeve gastrectomy and LAGB) in obese subjects with type 2 diabetes. Both our study and that by Kashyap et al. (31) point to a potential role for the gastrointestinal tract, in addition to weight loss, in the improvement in b-cell function after RYGB during nutrient ingestion. Comparison of the contribution of weight loss versus the gastrointestinal tract in the improvement in b-cell function has been explored by other studies. Salinari et al. (22) compared the effects of the oral versus the IV route on b-cell function and showed that RYGB increased DI during both the OGTT and IVGTT after 10% weight loss in subjects with type 2 diabetes. Although Salinari et al. (22) did not report whether the relative improvement was greater after oral or IV glucose stimulation, it appears that the percentage increase was greater during the OGTT. However, caution should be used for the interpretation of data on b-cell function measured during an OGTT or a meal test after RYGB, because the absorption of glucose is rapid after RYGB. This is in agreement with our work showing that O-BCGS or O-ISR are 2.5-4.3 larger after RYGB vs LAGB, at any given level of weight loss, while b-cell response to intravenous glucose administration (IV-BCGS and IV-ISR) seems to track weight loss similarly after both types of surgery. The specificity of our study design, using both the oral and IV route to expose the b-cell to matched glycemic stimuli, as well as different levels of weight loss after RYGB and LAGB, gives a unique opportunity to isolate a "gut incretin effect" versus a weight loss effect.
Our group has shown an early (1 month) (6) and durable (3 years) (32) recovery of the blunted incretin effect in patients with type 2 diabetes after RYGB. This effect was not seen after an equivalent 10% weight loss induced by diet (7). Here we confirmed that surgery type, but not weight loss, is the main predictor of the recovery of the incretin effect. The enhanced GLP-1 response is specifically observed after RYGB, at any level of weight loss. We previously reported that GLP-1, which rises consistently after this RYGB (6, 7, 33, 34) , was a significant predictor of postsurgery b-cell function, in a cohort observed up to 3 years after RYGB (32) . Other studies (35) have also shown that postprandial GLP-1 level is associated with b-cell function in a postbariatric population. Although weight loss had no predictive value on incretin effect in a mixed-model regression analysis, interestingly there was a small, nonsignificant 50-150% increase in the incretin effect after LAGB, albeit of much smaller magnitude than the ;250-330% increase after RYGB. Because GLP-1 levels do not change after LAGB, GLP-1 is likely not the mediator of the small increase in incretin effect after LAGB, although we cannot exclude a greater sensitivity to endogenous GLP-1 after LAGB weight loss. Recent data (36) show that the density of both cells immunoreactive for GLP-1 and for GIP increased in patients after RYGB. However, the role of GIP as a mediator of the enhanced incretin effect and improved b-cell function after RYGB or LAGB is less well defined, mainly because of the lack of a specific inhibitor available for human testing. A nonspecific amplification of GIP signaling with DPP-4 inhibition did not modify glucose tolerance after RYGB (37) . The postprandial change in GIP levels is less consistent after RYGB (6, 38) and is of a lesser magnitude than the change in GLP-1 levels. In this study, the greater rise in GIP levels after RYGB, compared with LAGB, was apparent after 10% weight loss. However, after larger weight loss and/or 1 year after both types of surgery, GIP levels were not different between them, suggesting that the new metabolic status of reduced weight, rather than the surgery type, mediated the GIP levels. Therefore, it is possible that some of the recovery of the incretin effect after either type of surgery could be mediated by changes in GIP.
Finally, our data show that the difference in the metabolic outcome between the two types of surgery is attenuated after larger weight loss. This is an important finding. Our study is the only one, to our knowledge, that compares RYGB and LAGB after large weight loss in individuals with type 2 diabetes, matched prior to the surgical interventions for b-cell function and insulin sensitivity. Larger (16.6% or 20%) weight loss after LAGB results in a decrease in fasting glucose levels and glucose AUC similar to that observed after 20% or 30% weight loss after RYGB, showing the importance of achieving a certain amount of weight loss over that of surgery type. This is in agreement with the study by Bradley et al. (26) in individuals without diabetes and with recent data from the Swedish Obese Subjects study (39) , which also suggest that weight change, rather than surgery type, is the best predictor of glucose control 2 and 10 years after bariatric surgery.
Therefore, although the magnitude of the weight-independent effect of RYGB on the incretin system during the ingestion of nutrients is highly significant and sustained overtime, its contribution to long-term glucose control and diabetes remission may be limited. These data differ from those reported by Purnell et al. (40) , which suggest that the significant differences in 3-year rates of diabetes remission between RYGB and LAGB are independent of weight loss and manifest from unique metabolic mechanisms of RYGB. Their findings may be attributed to possible presurgery differences in b-cell function and insulin sensitivity between their groups, key predictors of glucose control after bariatric surgery, which, unfortunately, were not measured in their study (40) .
Although this study makes a critical contribution to the literature, there are several limitations that should be recognized. The assignment to LAGB or RYGB was not randomized, but was dictated by the preferences of patients and surgeons. However, the two groups did not differ before intervention in terms of the following known clinical predictors of diabetes remission: diabetes duration and control, medication and insulin use, and various measures of b-cell function or BMI. Diet was not controlled for, and participants followed the standard dietary recommendation after bariatric surgery. The time it took the LAGB group to achieve any weight loss goals was not only significantly longer, but also highly variable, compared with a shorter and less variable time for the RYGB group. It is likely that the rate of weight loss was faster after RYGB than after LAGB. However, controlling for the rate of weight loss showed equivalent improvement in b-cell function after intravenous glucose administration after RYGB or diet (27) , suggesting that this may not be important. The limitations of the techniques used to assess b-cell function in this study, including the 50-g OGTT (vs. 75-g OGTT) and iso-IVGC (to derive b-cell function), with the difficulty in matching glucose levels after RYGB, have been discussed in detail in a recent publication from our group (32) . In addition, caution should be used for the interpretation of measures of b-cell function after oral glucose administration due to the change in glucose absorption after RYGB. Follow-up was of short duration (12 months). Finally, the overall number of LAGB participants who completed all study visits was small, especially those who achieved 20% weight loss, which may have underpowered some of the results. Further, this selected group of LAGB participants with large weight loss is likely not representative of the overall effect of LAGB, which is usually more modest. Our study design aimed at using LAGB as a comparative group to RYGB, at a matched 20% weight loss. Challenges included the significant bias of the bariatric surgeons to preferentially offer RYGBdor vertical sleeve gastrectomydto patients with type 2 diabetes, rather than LAGB, and the highly variable weight loss outcome after LAGB. Despite these difficulties, we were able to show that, after 15-20% weight loss after LAGB, fewer metabolic differences exist between the two types of surgeries, highlighting the importance of the effect of weight loss, in selected groups well matched for preintervention b-cell function, on improvement of glucose metabolism. Our data also confirm the engagement of the gastrointestinal track during nutrient ingestion after RYGB, which provides an additional benefit on b-cell function, via the incretin effect, independent of weight loss. However, the overall importance of the gut mechanism on longterm diabetes remission may be limited.
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